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ABSTRACT
The sub-population of quasars reddened by intrinsic or intervening clouds of dust are known to be underrepresented in optical quasar
surveys. By defining a complete parent sample of the brightest and spatially unresolved quasars in the COSMOS field, we quantify
to which extent this sub-population is fundamental to our understanding of the true population of quasars. By using the available
multiwavelength data of various surveys in the COSMOS field, we built a parent sample of 33 quasars brighter than J = 20 mag,
identified by reliable X-ray to radio wavelength selection techniques. Spectroscopic follow-up with the NOT/ALFOSC was carried out
for four candidate quasars that had not been targeted previously to obtain a 100% redshift completeness of the sample. The population
of high AV quasars (HAQs), a specific sub-population of quasars selected from optical/near-infrared photometry, some of which were
shown to be missed in large optical surveys such as SDSS, is found to contribute 21%+9−5 of the parent sample. The full population of
bright spatially unresolved quasars represented by our parent sample consists of 39%+9−8 reddened quasars defined by having AV > 0.1,
and 21%+9−5 of the sample having E(B−V) > 0.1 assuming the extinction curve of the Small Magellanic Cloud. We show that the HAQ
selection works well for selecting reddened quasars, but some are missed because their optical spectra are too blue to pass the g − r
color cut in the HAQ selection. This is either due to a low degree of dust reddening or anomalous spectra. We find that the fraction
of quasars with contributing light from the host galaxy, causing observed extended spatial morphology, is most dominant at z . 1. At
higher redshifts the population of spatially unresolved quasars selected by our parent sample is found to be representative of the full
population of bright active galactic nuclei at J < 20 mag. This work quantifies the bias against reddened quasars in studies that are
based solely on optical surveys.
Key words. quasars: general – galaxies: active – surveys – dust, extinction
1. Introduction
The nature of quasars and their cosmological applications are
of central importance in contemporary astrophysics. To prop-
erly understand the origin and physical nature of quasars in a
general context, great caution has to be applied when defining
the techniques with which these objects are selected and sam-
ples are built. For many applications the assembly of large sam-
ples of quasars has to be representative of the general population
since selection bias will give a distorted picture of the full un-
derlying population. Most large-area quasar surveys have relied
on optical photometric selection, for instance, the Sloan Digital
Sky Survey (SDSS; York et al. 2000; Richards et al. 2002) and
the 2dF quasar redshift survey (2QZ; Croom et al. 2004). How-
ever, they have been found to be systematically biased against
? Partly based on observations made with the Nordic Optical Tele-
scope, operated by the Nordic Optical Telescope Scientific Association
at the Observatorio del Roque de los Muchachos, La Palma, Spain, of
the Instituto de Astrofisica de Canarias.
intrinsically dust-reddened quasars (e.g., Richards et al. 2003;
Krawczyk et al. 2015) and intervening dust-rich absorbers red-
dening the background quasar (Noterdaeme et al. 2009, 2010,
2012; Kaplan et al. 2010; Fynbo et al. 2011; Wang et al. 2012;
Krogager et al. 2016). Moreover, optical surveys contain other
biases, for example, against quasars above redshifts of z > 2.5,
at which point the Lyman-α (Lyα) forest (LyαF) enters the opti-
cal u-band, effectively removing the observed UV excess (UVX)
of quasars compared to that of stars (Fan 1999).
It it therefore important to understand to what extent various
quasar samples suffer from biases against dust-reddened systems
and quasars at high redshifts so that we can build more complete
and representative samples. A large number of studies targeting
reddened quasars have been executed in the past two decades
(see, e.g., Webster et al. 1995; Warren et al. 2000; Gregg et al.
2002; Richards et al. 2003; Hopkins et al. 2004; Glikman et al.
2007, 2012, 2013; Maddox et al. 2008, 2012; Urrutia et al. 2009;
Banerji et al. 2012; Fynbo et al. 2013; Krogager et al. 2015), all
trying to probe this underrepresented subset of quasars using a
Article number, page 1 of 22
ar
X
iv
:1
60
5.
00
70
1v
2 
 [a
str
o-
ph
.H
E]
  2
5 A
ug
 20
16
A&A proofs: manuscript no. 28836_ap
range of selection techniques that are less sensitive to dust ob-
scuration. With the advent of large-area near- and mid-infrared
surveys such as UKIDSS, WISE, and Spitzer (Wright et al. 2010;
Cutri & et al. 2013; Lawrence et al. 2007; Warren et al. 2007;
Werner et al. 2004; Fazio et al. 2004), the selection of quasars
based on infrared (IR) photometry alone has been made possible
as well (Donley et al. 2008, 2012; Peth et al. 2011; Stern et al.
2012; Mateos et al. 2012; Secrest et al. 2015). Quasars identified
by their mid-infrared colors can be selected without requiring X-
ray or radio detections and blue optical colors. In addition, other
types of selection techniques have recently been proposed that
are unbiased in terms of colors (Schmidt et al. 2010; Graham
et al. 2014; Heintz et al. 2015), to independently probe the full
underlying population of quasars.
How large the missing population of dust-reddened quasars
is compared to the full population is still debated. Recent stud-
ies estimate fractions from below 10% to above 40% (Richards
et al. 2003, 2006; Glikman et al. 2004, 2012; Gibson et al. 2009;
Urrutia et al. 2009; Allen et al. 2011; Maddox et al. 2008, 2012).
The majority of objects in these samples consist of broad ab-
sorption line (BAL) quasars. The search for quasars reddened by
intervening absorbers, dubbed the high AV quasar (HAQ; Fynbo
et al. 2013; Krogager et al. 2015) survey, reveals that a large
portion of intrinsically reddened quasars are missing in optical
samples as well.
In this paper we examine the fraction of the HAQs and in
general the dust-reddened population of quasars (which we de-
fine as having AV > 0.1) compared to the total. The aim is to
determine whether this missing sub-population constitutes a sig-
nificant fraction of the true population of quasars and if the red-
dest of the most bright and spatially unresolved quasars are in-
deed identified by the tailored optical and near-infrared (NIR)
color criteria used in the HAQ survey. We have decided to focus
on spatially unresolved sources because the selection of point
sources is a central part of the HAQ survey. In the same vein,
we focused on relatively bright quasars, J < 20 mag because
we are interested in the population of intrinsically bright quasars
that are typically used for quasar absorption lines studies, for
example. To securely determine the fraction, an effective selec-
tion of the complete population of quasars within the appropriate
limit in brightness has to be obtained. We assume that this can be
done using multiple selection techniques covering the different
observed features of quasars.
The paper is structured as follows. In Sect. 2 we briefly de-
scribe the different data sets obtained from the COSMOS sur-
veys and how these were combined to apply all the multiwave-
length information to each object within our defined region of
the COSMOS field. In Sect. 3 we define the quasar selection
techniques used to build our parent sample, representing the
full population of the brightest spatially unresolved quasars. In
Sect. 4 we describe our follow-up observations, and in Sect. 5
we present the results. In Sect. 6 we discuss our analysis, and
in Sect. 7 we conclude on the implication of our work in a gen-
eral context. We assume a standard flat ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7. Unless
otherwise stated, the AB magnitude system (Oke 1974) is used
throughout this paper.
2. Data description
By using the extensive multiwavelength data sets available from
the combined COSMOS (Scoville et al. 2007b) surveys, all cov-
ering the Chandra COSMOS (C-COSMOS; Elvis et al. 2009;
Civano et al. 2012) field, the different methods for quasar se-
lection (see Sect. 3.2-3.7) can be applied. This sub-field of COS-
MOS covers the central 0.9 deg2 of the approximately two square
degrees of the COSMOS field (see, e.g., Fig. 1 in Elvis et al.
(2009) and Fig. 1 in McCracken et al. (2012) for the specific out-
line of the field). This region is one of the most observed fields
on the sky, making it excellent for detailed studies of general
quasar properties and populations, and it is therefore ideal for
our study. By building a parent sample consisting of the quasars
selected with a range of different methods, the fraction of the
HAQs compared to the full underlying population, that is, the
extent to which the HAQs contribute to the defined parent sam-
ple of quasars, can be determined. Although extensive spectro-
scopic analysis is available in this field, a minority of the candi-
date quasars from the parent sample were without existing spec-
tra, so that follow-up spectroscopy was required to confirm their
nature for the purpose of this study.
2.1. COSMOS field: from X-ray to radio wavelengths
The COSMOS field was originally defined by Scoville et al.
(2007b) as a two deg2 region with multiwavelength coverage, in-
cluding HST/ACS F814W imaging over 1.8 deg2 (Scoville et al.
2007a). It was observed using the Advanced Camera for Surveys
(ACS) Wide Field Channel (WFC) and imaged in the F814W
filter which is broad I-band filter centered on an effective wave-
length of 7940Åwith a resolution of ∼ 0′′.1. For a description, see
for example Koekemoer et al. (2007) for how the HST-ACS mo-
saic was produced and Leauthaud et al. (2007) for how the mo-
saic was used to assemble a source catalog. This catalog consists
of approximately 1.2×106 objects down to a limiting magnitude
of F814W = 26.6 mag.
In our study we used the X-ray information from the ini-
tial Chandra COSMOS (C-COSMOS; Elvis et al. 2009; Civano
et al. 2012) and the XMM-COSMOS surveys (Hasinger et al.
2007; Cappelluti et al. 2009; Brusa et al. 2010). C-COSMOS,
an extensive 1.8 Ms Chandra program, has imaged the central
0.9 deg2 of the COSMOS field down to the limiting fluxes of
1.9×10−16 erg cm−2 s−1 in the soft (0.5 - 2 keV) band, 7.3×10−16
erg cm−2 s−1 in the hard (2 - 10 keV) band and 5.7 × 10−16
erg cm−2 s−1 in the full (0.5 - 10 keV) band (Elvis et al. 2009).
Complementary to Chandra are the X-ray data from the XMM-
COSMOS mission, which is a contiguous 2 deg2 XMM-Newton
survey of the COSMOS field. The limiting fluxes are 5 × 10−16,
3 × 10−15 and 7 × 10−17 erg cm−2 s−1 in the 0.5 − 2, 2 − 10 and
5 − 10 keV bands, respectively (Hasinger et al. 2007). The flux
limits of the two surveys are not reached over the complete area
but vary across the field because of irregular exposure times. The
sensitivity of C-COSMOS due to its sub-arcsecond imaging is
three times below the corresponding flux limits for the XMM-
COSMOS survey.
The initial C-COSMOS survey used in this paper consists of
1761 X-ray detected point sources, where the XMM-COSMOS
survey have observed 1797 X-ray point sources. Elvis et al.
(2009) reported that 70 sources from the XMM-COSMOS cata-
log were absent from the C-COSMOS sample, while 24 XMM-
COSMOS sources have been resolved into two distinct sources
in the C-COSMOS catalog. The optical/near-infrared COSMOS
counterparts were found for each of the X-ray point source
detections with Chandra and XMM-Newton (see Civano et al.
2012; Brusa et al. 2010, respectively). Based on these counter-
parts, the photometric redshifts of each of the sources have been
determined by Salvato et al. (2009, 2011).
In addition to the two X-ray surveys, we used the photo-
metric data from the multiband catalog described in Ilbert et al.
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(2013). This catalog consists of multiband photometry covering
the near-ultraviolet (NUV) to the mid-infrared (MIR) effective
wavelengths. The NUV-optical data sets are from previous re-
leases, described in Capak et al. (2007); Ilbert et al. (2009).
The catalog by Capak et al. (2007) also contains optical pho-
tometry in the u, g, r, i, z bands from the SDSS data release 2
(DR2; Abazajian et al. 2004), produced by facilitating photomet-
ric measurements from a mosaic of the SDSS placed on the same
grid as the other COSMOS data. We used the star/galaxy clas-
sifier from the Capak et al. (2007) catalog, which allowed us to
only target optical point sources (spatially unresolved quasars).
At wavelengths redward of the UltraVISTA (∼ 1 − 2 µm) cover-
age, we used the MIR data from the Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) most recent data release
(AllWISE; Cutri & et al. 2013). This all-sky mission has imaged
the sky in four different MIR filters with effective wavelengths
ranging from 3.4 µm to 22 µm. Finally, we included the radio
(∼ 21 cm) data from the deep and joint VLA-COSMOS catalog
(Schinnerer et al. 2007, 2010). Detailed imaging from the vari-
ous COSMOS surveys is publicly available at the NASA/IPAC
Infrared Science Archive (IRSA) web page1.
2.2. Matching procedure
We required that each of the sources from the various COS-
MOS data sets are within 2 arcsec from the objects listed in the
photometric catalog by Ilbert et al. (2013, hereafter I13). Since
multiple objects can be within this region, we selected only the
nearest match. For the Chandra/XMM-Newton detected X-ray
point sources, we matched the optical/NIR counterparts found
by Civano et al. (2012); Brusa et al. (2010), respectively, to the
photometric catalog by I13. In the first COSMOS optical/NIR
catalog by Capak et al. (2007), the morphology information from
the CFHT+Subaru i-band images was included. Therefore only
this catalog had to be matched to the photometric catalog by
I13, again within 2 arcsec. This was done primarily to attach the
morphological data to the UltraVISTA DR1 sources, but also to
obtain the SDSS five-band magnitudes for each of the objects.
Following the same procedure, we paired the objects detected in
the AllWISE and VLA-COSMOS data sets to the optical/NIR
counterparts in the photometric catalog (I13) as well.
3. Selection techniques
Since the publicly available C-COSMOS survey is limited to the
central 0.9 deg2 of the COSMOS field, see for instance Fig. 1
of Elvis et al. (2009), we isolated this region from the rest of
the data sets. In Fig. 1 the confirmed and the candidate quasars
(specifics of the subsample symbols are defined below) within
this specific region is shown, where the gray dashed lines rep-
resent the coverage of the C-COSMOS survey, indicating our
targeted region of the COSMOS field. Applying these bound-
aries furthermore ensures that the whole sub-field examined is
covered by all the multiwavelength surveys.
3.1. Morphology and brightness
In the original HAQ criteria (and most other optical/NIR color
selection approaches) the targeted objects were defined as op-
tical and NIR point sources. In this study we follow the same
procedure and select spatially unresolved sources at observed
1 http://irsa.ipac.caltech.edu/data/COSMOS/index_cutouts.html
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Fig. 1: Location of the 34 confirmed and candidate quasars from
the parent sample. Overplotted are the cuts in right ascension
(RA) and declination (Dec) used to isolate the C-COSMOS
field. The symbols represent individual selection methods used
to identify each candidate quasar (see Sect. 3.2-3.7).
optical wavelengths only (using the star/galaxy classifier of Ca-
pak et al. (2007), based on ground-based photometry from the
CFHT+Subaru i-band images), while discarding the sources
with dominating light from the host galaxy. This means that we
only considered the optically unresolved quasar population and
not the overall/general active galactic nucleus (AGN) popula-
tion. We discuss the implication of this specific morphology cut
in detail in Sect. 6. Moreover, we also defined an upper magni-
tude limit of JAB < 20 mag to avoid being biased against the
depth of each of the individual surveys. This magnitude limit
furthermore ensures a fair comparison of each of the respective
quasar populations within a certain brightness. This provides a
more secure detection and low errors on the photometric data.
In the following sections we describe how each of the specific
quasar selection techniques were applied. We only considered
the optically unresolved sources that were brighter than our mag-
nitude limit before the distinctive selection techniques.
3.2. HAQ selection
This tailored search for reddened quasars was originally de-
signed to search for dust-rich damped Lyα absorbers (DLAs)
along the line of sight toward the background source. Dust-rich
DLAs are known to redden the background source to the extent
where optical color selection fails to classify them as quasars
(Noterdaeme et al. 2009, 2010, 2012; Fynbo et al. 2011; Kaplan
et al. 2010; Krogager et al. 2016). To select HAQ candidates
from the COSMOS photometric catalog by I13, we adopted the
same criteria as in Krogager et al. (2015), all on the AB magni-
tude system:
J − Ks > 0, H − Ks > 0, J − H < 0.4,
0.5 < g − r < 1.0, 0.1 < r − i < 0.7 . (1)
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These criteria were defined based on the pilot study executed
before the HAQ survey, described in Fynbo et al. (2013). They
were found to identify quasars (not necessarily all having high
AV , as the name suggests) with a purity of P ∼ 97% (154/159)
from the set of candidates selected from optical/NIR photome-
try, where the remaining objects were two dwarf stars and three
so-far unidentified objects. While only a handful of DLAs were
found, numerous intrinsically reddened quasars were detected
with a pronounced amount of extinction from dust, quantified
by the parameter AV . Only ∼45% of the HAQ candidates from
the original study were spectroscopically classified as quasars in
DR7 before observation. A small fraction of the spectroscopi-
cally verified HAQs were later observed by the SDSS-III/BOSS
(DR10Q; Pâris et al. 2014) program, which relies on more ad-
vanced selection algorithms than the original optical color crite-
ria of SDSS-I/II (see, e.g., Ross et al. 2012; Dawson et al. 2013,
and Sect. 3.7). To distinguish the HAQ selected quasars from the
general population of reddened quasars, we use the term HAQs
for the quasars that were selected by the same (and very limit-
ing) optical/NIR criteria of Krogager et al. (2015). We found that
seven objects satisfy the HAQ criteria. The HAQ selected can-
didate quasars are marked with an "H" in Col. 3 in Table 1 and
with red crosses in Fig. 1. Owing to different redshifts, intrinsic
slopes, and other absorption features, not all quasars selected in
this way do in fact have high AV , but we adopted the original
name for consistency. The quasars with AV > 0.1 are referred
to as red quasars or the general reddened population of quasars.
Defining this lower limit ensures that quasars with natural vari-
ability (typically ±0.05 mag, as inferred from Krogager et al.
2015) are not considered as part of the reddened population of
quasars.
3.3. KX selection
Another approach to identify the missing reddened quasars, re-
gardless of redshift and amount of dust reddening, is to exploit
the general K-band excess (KX) shown by all quasars (War-
ren et al. 2000; Croom et al. 2001; Maddox et al. 2008, 2012)
hereafter referred to as KX. This approach is comparable to the
HAQ selection criteria with the NIR K-band excess of quasars
being the primary quasar/star classifier, although not as tailored
for targeting objects with red optical colors. This selection was
therefore not as specialized in selecting quasars with intervening
DLAs as the HAQ survey, but is unbiased toward those objects in
the same way, and will therefore be more complete in detecting
quasars. The KX selected candidate quasars were selected from
the COSMOS photometric catalog by I13 as well, where we
converted the original selection criteria from Vega to AB mag-
nitudes. We refined the magnitude range used in their study of
14.0 < KVega < 16.6 to Ks,AB > 15.85, JAB ≤ 20 mag. Here,
the lower limit was converted from Vega into AB magnitudes
(following the formulation of Blanton & Roweis 2007), and the
upper limit is ∼ 0.5 − 1 magnitude fainter than the original to
match our overall magnitude limit. The refined criteria, that is,
the selection lines, are then as follows, again all on the AB mag-
nitude system:
g−J <
{
4.4(J − Ks) − 2.08, for J − Ks ≤ −0.04, g − J ≤ 2.01
20.83(J − Ks) − 2.83, for J − Ks ≥ −0.04, g − J ≥ 2.01 .
(2)
These can be directly compared to the selection criteria and the
selection lines in Fig. 2 of Maddox et al. (2008, 2012). Follow-
ing the original KX selection procedure, we proceeded to run
the candidate quasars without existing spectra, detected by their
K-band excess, through the custom-made photo-z algorithm de-
scribed in Maddox et al. (2008, 2012). This algorithm is based on
a standard model quasar template with seven reddened models
created from the base model with increasing amounts of Small
Magellanic Cloud (SMC)-type dust. To exclude compact galax-
ies, seven galaxy templates spanning E through Scd types were
included. Star templates were also incorporated obtained from
the Bruzual–Persson–Gunn–Stryker atlas2. By first applying the
gJK color cut, about 95% of the objects were removed in the
original sample. Then, by applying the photo-z code to the re-
maining objects, most of the contaminants were excluded, with
colors inconsistent with standard quasars. After the photomet-
ric data of the candidates with no pre-existing spectra were pro-
cessed by the photo-z code, the sample of KX selected candi-
date quasars consisted of 31 objects. The KX selected candidate
quasars are marked with a K in Col. 3 in Table 1 and with black
dots in Fig. 1.
3.4. X-ray detection
Selection at X-ray wavelengths has been found to effectively
identify quasars, or AGNs in general (Brandt & Hasinger 2005),
with an insignificant amount of contamination from star-forming
galaxies, which are otherwise present in optical or infrared sur-
veys (Donley et al. 2008, 2012). Stars with strong X-ray emis-
sion can also appear in X-ray samples, but because of their dis-
tinct stellar colors, they can easily be rejected as non-quasar
candidates. Moreover, X-ray surveys are efficient in detecting
low-luminosity and obscured quasars below the Compton-thick
limit. To select quasars detected by Chandra/XMM-Newton, we
required that the optical/NIR counterparts of the X-ray point
sources were unresolved in the CFHT+Subaru i-band images.
The flux limits of the two X-ray surveys and the matching to the
optical/NIR counterpart to apply the morphological information
are described in Sects. 2.1 and 2.2, respectively.
A significant amount of the selected objects were stars with
strong X-ray emission. We discarded the X-ray point sources de-
termined to be Galactic stellar sources by Salvato et al. (2009,
2011), based on either spectroscopically confirmed spectra or
photometrically computed stellar fits by their χ2 analysis. No re-
quirements were imposed on the optical/IR photometry, except
for the general defined magnitude limit. In Sect. 6 we discuss
in more detail the morphological context of the objects that are
point sources at X-ray wavelengths but not in the optical, or in
other words, the general AGN X-ray population. We found 32
objects detected with Chandra/XMM-Newton all having a spa-
tially unresolved optical/NIR counterpart in the photometric cat-
alog by I13. The X-ray selected candidate quasars are marked
with an X in Col. 3 in Table 1 and with gray squares in Fig. 1.
3.5. Radio detection
Apparent optical stellar sources with extreme radio emission
represent the first detected subpopulation of radio-loud quasars
(Schmidt 1963; Matthews & Sandage 1963). This selection is not
affected by extinction at optical wavelengths and would there-
fore not be biased against dust-reddened quasars, see, for in-
stance, Becker et al. (1997). By definition, only the radio-loud
quasars will be targeted by this approach, so that the sample in
itself is not complete (see, e.g., Urry & Padovani 1995; Sikora
et al. 2007, for a description of the radio emission from quasars
2 http://www.stsci.edu/hst/observatory/cdbs/bpgs.html
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and the empirical observations of the two sub-populations, re-
spectively). Two recent radio selections of optical spatially un-
resolved quasars (Ivezic´ et al. 2002; Balokovic´ et al. 2012) used
data from the Faint Images of the Radio Sky at Twenty centime-
ters (FIRST; Becker et al. 1995) mission together with the SDSS
program. A similar approach was executed based on source de-
tection with the FIRST matched to the NIR counterparts of the
Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) by
Glikman et al. (2007, 2012); Urrutia et al. (2009). Equivalent to
these, we selected candidate quasars detected by VLA by only
requiring that the optical/NIR counterpart of the radio-detected
sources were unresolved in the CFHT+Subaru i-band images.
No further constraints were set on the VLA data, and we found
that nine sources were selected in this way. The radio-selected
candidate quasars are marked with an R in Col. 3 in Table 1 and
with green circles in Fig. 1.
3.6. Mid-infrared selection
Recently, with the launch of the complementary MIR Spitzer and
WISE missions, multiple new approaches of selecting quasars
using MIR colors alone have been developed. See, for example,
the Spitzer two-color criteria of Donley et al. (2012), the WISE
one-color criteria of Stern et al. (2012); Assef et al. (2013), and
the WISE two-color criteria of Mateos et al. (2012). All these
criteria were defined by the unique colors of quasars in MIR
color space, primarily tracing the torus around the super-massive
black hole (SMBH) of the AGN. A selection based on the MIR
wavelength range is insensitive to dust extinction and will there-
fore not be biased toward reddened quasars (Mateos et al. 2013;
LaMassa et al. 2016). We chose the WISE two-color criteria of
Mateos et al. (2012) as used by Secrest et al. (2015) to represent
the MIR selected quasars. They defined the AGN locus in Vega
magnitudes by
W1 −W2 = 0.315 × (W2 −W3), (3)
where the top and bottom boundaries of this two-color wedge
are obtained by adding y-axis intercepts of +0.796 and -0.222,
respectively (see Eqs. 3 and 4 of Mateos et al. 2012). This se-
lection, compared to the other MIR selection approaches, was
found to show less contamination from brown dwarfs and to be
more complete. Following the same procedure as for the X-ray
and radio-detected candidate quasars, we discarded objects that
were selected by the MIR two-color criteria but were spatially
resolved in the CFHT+Subaru i-band images. Again, the impli-
cation for this specific selection is discussed in Sect. 6. By using
these criteria, we found ten sources selected by their MIR colors
and spatially unresolved counterpart in I13. The MIR-selected
candidate quasars are marked with an M in Col. 3 in Table 1 and
with green circles in Fig. 1.
3.7. SDSS-III/BOSS DR12Q sample
The DR12Q sample is a combination of the pre-BOSS SDSS-
I/II quasar selection program (see, e.g., Richards et al. 2002;
Schneider et al. 2010, for the selection criteria and the full pre-
BOSS sample, respectively), which focused on quasars with high
UVX and objects with outlying optical colors compared to that
of stars. The SDSS-III/BOSS program depended on numerous
other more advanced selection algorithms (see Ross et al. 2012;
Dawson et al. 2013, for a description of the selection algo-
rithms and the spectroscopic survey of the SDSS-III/BOSS pro-
gramme), specifically designed to target quasars at z > 2.2. We
included all the confirmed quasars from the pre-BOSS (SDSS-
I/II) and SDSS-III/BOSS DR12Q samples (Pâris et al. 2016, in
prep.) within the central region of the COSMOS field with the
same requirements of morphology and brightness from the COS-
MOS photometric catalog by I13. In Sect. 6 we directly show
which of the SDSS/BOSS-selected quasars we discarded due to
these cuts. Some of the spectroscopically verified quasars have
been observed by the SDSS/BOSS programs only because they
were detected in the ROSAT, FIRST, Chandra, or XMM missions.
These were not included as SDSS- or BOSS-selected quasars in
our sample, but with the corresponding X-ray or radio detection
instead. This was done to examine the photometric selection of
these two selection functions alone, since X-ray and radio selec-
tion is a part of our study by design. Notes on how each of the
SDSS/BOSS quasars were selected are given in the appendix,
Fig. 10. We found that 23 sources were selected based on their
photometry by the SDSS/BOSS programs, where 15 quasars
are from the SDSS and 8 quasars are from the BOSS survey.
The SDSS/BOSS photometrically selected candidate quasars are
marked with either an S or B for SDSS or BOSS selection, re-
spectively, in Col. 3 in Table 1 and with blue diamonds in Fig. 1.
3.8. Parent sample
Combining the confirmed and the candidate quasars obtained
from all six selection approaches, we found a total number of
34 objects brighter than J = 20 magnitude, all located in the C-
COSMOS field. The majority of the quasars (30/34) have exist-
ing spectra in the literature (see, e.g., the SDSS DR12 database3),
whereas the remaining four objects had to be verified spectro-
scopically (see next section). This is necessary to verify the
computed photometric redshift and to calculate the extinction
of each of the quasars by analyzing the amount of reddening
from the slope of the spectral energy distribution (SED) and the
photometric data points. In Table 1 all candidate and confirmed
quasars are listed by name together with the respective tech-
niques by which they were selected. The letters denoting each
of the selection techniques, as shown in the table, are used in the
following sections. The names are listed either as Q+coordinates
for known quasars or CQ+coordinates for the candidate quasars.
4. Spectroscopic observations and analysis
4.1. Observations and data reduction
The observations of the four candidate quasars were carried
out during an observing run with the Nordic Optical Telescope
(NOT) on La Palma on February 12–15, 2016. The spectra
were obtained using the Andalucia Faint Object Spectrograph
and Camera (ALFOSC). In Table 2 the setup for the spectro-
scopic follow-up of these four candidate quasars is summarized.
Grism 4 covers the wavelengths 3200 − 9100 Å with a spectral
resolution of ∼300, whereas grism 18 is limited to the blue part
of the spectrum covering the wavelengths of 3530 − 5200 Å.
This was only used for CQ095924.4+020842.6 since it appeared
to have few to no emission features in the spectrum obtained
with grism 4. Blocking filter 94 was used in combination with
grism 4 to eliminate second-order contamination from wave-
lengths shorter than 3560 Å. The spectra were taken by aligning
the slit at parallactic angle.
3 http://skyserver.sdss.org/dr12/en/home.aspx
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Table 1: Number, object name, selection technique(s), zspec, zphot, AV , brightness in J-band, and additional notes for each of the
confirmed quasars in the parent sample. Following the notation in Sect. 3.2 – 3.7 for the selection techniques; K = KX selection, X
= X-ray detection, R = radio detection, M = MIR selection, S/B = SDSS/BOSS photometric selection, and H = HAQ selection.
# Object Selection zspec zphot AV AV J-band Notes
(SMC) (Zafar+15) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 Q 095820.5+020304.1 KXMS 1.356 1.462 0.00 0.00 19.70 g-r, r-i
2 CQ 095833.3+021720.4 K 1.910 1.750 0.23 0.23 19.99 g-r
3 Q 095836.0+015157.1 KXRB 2.935 2.919 0.00 0.00 19.32 g-r
4 Q 095857.4+021314.5 KXRH 1.024 1.043 0.38 0.30 19.41
5 Q 095858.7+020139.1 KXMB 2.448 2.418 0.00 0.00 18.70 g-r, r-i
6 Q 095918.7+020951.7 KXRMSH 1.156 1.181 0.30 0.15 19.72
7 Q 095921.3+024412.4 KXRBH 1.004 0.030 0.98 0.60 19.37
8 CQ 095924.4+020842.6 K — 1.150 — — 19.43 g-r, blended SED, non-quasar
9 Q 095924.5+015954.3 KXMS 1.241 1.281 0.00 0.00 18.49 g-r, r-i
10 Q 095938.3+020450.1 KX 2.802 2.779 0.23 0.08 19.74 H-Ks
11 CQ 095938.6+023316.7 X 0.740 0.742 1.21 0.68 19.47 g-r
12 Q 095940.1+022306.7 KX 1.131 1.110 0.15 0.15 19.93 g-r, r-i
13 Q 095940.8+021938.7 KXRH 1.454 1.465 0.30 0.30 19.74
14 Q 095943.4+020707.4 KXRB 2.194 2.306 0.00 0.00 19.45 g-r, r-i
15 Q 095949.4+020141.0 KXS 1.753 1.753 0.00 0.00 18.99 g-r
16 CQ 100008.9+021440.7 XRMH 2.680 2.663 0.15 0.15 18.96
17 Q 100012.9+023522.8 KXMS 0.698 0.702 0.00 0.08 18.47 g-r
18 Q 100014.1+020054.5 KXS 2.498 2.469 0.00 0.00 19.45 g-r, r-i
19 Q 100024.4+015054.0 KXS 1.661 1.669 0.30 0.30 19.61 g-r, H-Ks
20 Q 100024.5+020619.8 KXB 2.288 2.287 0.00 0.00 19.51 g-r, r-i
21 Q 100024.6+023149.1 KXS 1.319 1.362 0.00 0.00 19.36 g-r, r-i, H-Ks
22 Q 100025.3+015852.1 KXMS 0.372 0.372 0.00 0.00 19.07 g-r
23 Q 100047.8+020756.8 KXB 2.159 2.177 0.00 0.00 19.67 g-r, r-i
24 Q 100049.9+020500.0 KXRMBH 1.236 1.272 0.30 0.30 19.04
25 Q 100050.1+022854.8 KXBH 3.365 3.378 0.00 0.00 19.64
26 Q 100055.4+023441.4 KXRS 1.402 1.414 0.08 0.08 19.74 g-r, r-i
27 Q 100058.8+015400.3 KXS 1.560 1.557 0.00 0.00 19.87 g-r, r-i
28 Q 100114.3+022356.7 KXMS 1.802 1.777 0.00 0.00 19.38 g-r
29 Q 100116.8+014053.6 KXS 2.055 2.050 0.00 0.00 19.76 g-r
30 Q 100120.3+020341.2 KX 0.903 0.906 0.00 0.00 19.77 g-r, r-i
31 Q 100151.1+020032.5 KX 0.967 1.000 0.23 0.11 19.79 g-r, r-i
32 Q 100159.8+022641.7 KX 2.030 2.011 0.00 0.00 19.27 g-r
33 Q 100201.5+020329.4 KXMS 2.016 1.880 0.23 0.23 18.30 g-r
34 Q 100210.7+023026.2 KXS 1.160 1.340 0.00 0.00 19.17 g-r, r-i, XMM-COSMOS source
The spectra were processed using a combination of IRAF4
and MIDAS5 tasks for low-resolution spectroscopy. To reject
cosmic rays, we used the LA-Cosmic software6 developed by
van Dokkum (2001). The flux calibration was done using a spec-
trophotometric standard star observed on the same night as the
science spectra. We corrected the spectra for Galactic extinction
using the extinction maps of Schlegel et al. (1998). To improve
the absolute flux calibration, we scaled the spectra to be consis-
tent with the r-band photometry from SDSS.
4 IRAF is the Image Reduction and Analysis Facility, a general pur-
pose software system for the reduction and analysis of astronomical
data. IRAF is written and supported by the National Optical Astronomy
Observatories (NOAO) in Tucson, Arizona. NOAO is operated by the
Association of Universities for Research in Astronomy (AURA), Inc.
under cooperative agreement with the National Science Foundation
5 ESO-MIDAS is a copyright protected software product of the Euro-
pean Southern Observatory. The software is available under the GNU
General Public License.
6 Cosmic-Ray Rejection by Laplacian Edge Detection
4.2. Spectroscopic analysis
In Fig. 2 we show the one-dimensional spectra of the four can-
didate quasars along with the photometry from SDSS and Ultra-
VISTA and the contours of the belonging images in four differ-
ent wavelength bands: The optical F814W (I-band) filter from
the HST-ACS mosaic, the near-infrared Ks filter from the KPNO
mosaic, the X-ray Chandra merged energy band image, and the
radio contours as observed by the VLA. We show the Ks imag-
ing from KPNO since this (and not the UltraVISTA imaging)
is available at the NASA/IPAC-IRSA web page. Overplotted is
a composite quasar template by Selsing et al. (2016) with and
without reddening (solid red and dashed blue lines, respectively).
The composite was constructed from luminous blue quasars at
1 < z < 2.1 selected from SDSS and has a slightly steeper spec-
tral slope than other existing templates (αλ = 1.70±0.01 assum-
ing a power-law continuum). This is explained for instance by
the broader spectral wavelength coverage because the slope can
more easily be determined without strong contamination quasar
emission lines or by intrinsic host galaxy emission (see Sels-
ing et al. 2016, for further details). The template was matched to
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Fig. 2: Extracted 1D spectra and images in four wavelength bands of the four candidate quasars observed for the purpose of this
study. The three objects CQ095833.3+021720.4, CQ095938.6+023316.7, and CQ100008.9+021440.7 are confirmed to be quasars,
whereas object CQ095924.4+020842.6 is not. The three confirmed quasars all show a pronounced amount of reddening and BAL
features. Upper panels: Images of the objects shown in the optical F814W (I-band) filter from the HST-ACS mosaic, the near-
infrared Ks filter from the KPNO mosaic, the X-ray Chandra merged energy band image, and the radio emission as seen by the
VLA. Each of the images are 15 × 15 arcsec where north is up and east is to the left. Bottom panels: The solid black lines show the
observed spectra from the NOT. Overplotted are the photometric data points shown by the purple dots from the merged optical/near-
infrared photometric COSMOS catalog together with the composite quasar template spectrum from Selsing et al. (2016) with (red
solid line) and without (blue dashed line) reddening, respectively. The redshift and amount of reddening, AV , for each of the objects
are shown in the upper left corner, while the name and selection method (from Col. 3 in Table 1) by which they were identified are
shown in the upper right corner.
the visible emission lines to compute the spectroscopic redshifts.
The template was constructed by combining spectra of luminous
blue quasars at 1 < z < 2.1 selected from the SDSS. The spec-
tra combined to make the composite were observed with the X-
shooter instrument at ESO/VLT, which allows for a simultaneous
observation of the entire spectral range from the U to the K band.
Hence, the observed effect of variability in quasars is not a prob-
lem in this composite. For the object CQ095924.4+020842.6 the
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Table 2: Setup for the spectroscopic follow-up of the remaining
four candidate quasars. Blocking filter 94 was used in combina-
tion with grism 4 for all observations.
Object Grism Slit width Exp. time
(arcsec) (sec)
CQ095833.3+021720.4 #4 1.3 3 × 1200
CQ095924.4+020842.6 #4 + #18 1.3/1.0 6 × 900
CQ095938.6+023316.7 #4 1.0 3 × 1200
CQ100008.9+021440.7 #4 1.3 3 × 600
composite is overplotted at the photometrically computed red-
shift (zphot = 1.15) since no emission line features are unam-
biguously present in the spectrum.
The amount of reddening for each of the objects was calcu-
lated assuming both an SMC-like extinction curve and a steeper
extinction curve for intrinsically reddened quasars (Zafar et al.
2015). For the SMC we used the extinction curve as described
by Gordon et al. (2003), but with a modification for wavelengths
greater than 4400 Å (Fitzpatrick & Massa 2005), following the
same procedure as in Urrutia et al. (2009); Fynbo et al. (2013).
The extinction curve computed by Zafar et al. (2015) was de-
termined from 16 reddened quasars from the original HAQ sur-
vey, where the SMC could not provide a good solution to the
observed spectral SEDs. We found that for most of the dust-
reddened quasars the Zafar+15 extinction curve template com-
putes a lower value of AV than when assuming SMC-like extinc-
tion (see Table 1). However, none of the two extinction curve
templates were preferred over the other, meaning that both of the
templates were in general good matches to the observed spectra.
In the following we therefore consider only the AV assuming
SMC-like extinction.
The redshifts and the extinction was determined by visually
matching the composite quasar template to the photometric data
points and the observed spectra. For simplicity we assumed that
the dust is located at the redshift of the quasar. The objects that
do not show signs of reddening agree well with the unreddened
composite quasar template. The reddened quasars can be iden-
tified by the discrepancy in the unreddened template to the ob-
served spectra where the extinction parameter is simply a mea-
surement of the amount of divergence. We disregarded photo-
metric data blueward of the Lyα emission line, and in case of
strong absorption at individual data points, these were excluded
as well. The photometric data points are shown as the purple
dots at the u, g, r, i, z,Y, J,H,Ks effective wavelengths. The red-
shifts and amounts of reddening are shown for each of the ob-
jects, together with the object name, coordinates, and the re-
spective selection technique by which the object was detected.
In the Appendix, Fig. 10, the spectra of the remaining quasars
are shown together with the corresponding images of each of
the individual objects. Their extinction was determined follow-
ing the same procedure as described above. Below each of the
objects the SDSS/BOSS selection flags are stated.
We were able to obtain a secure confirmation of three
objects: CQ095833.3+021720.4, CQ095938.6+023316.7, and
CQ100008.9+021440.7. The visible emission lines in the three
spectra allow for a clear redshift determination and agreed well
with the computed photometric redshift. Two of the objects,
CQ095833.3+021720.4 and CQ100008.9+021440.7, show clear
broad absorption line (BAL) features. Quasar templates, both
with and without reddening, show a poor fit to the spectrum of
object CQ095924.4+020842.6. The photometry at MIR wave-
lengths disagrees with typical quasar MIR colors (Nikutta et al.
2014) as well. Because several stellar absorption lines at z = 0.05
are detected in the spectrum, we can identify a low-redshift qui-
escent galaxy as contribution to the SED. However, the full mul-
tiwavelength photometry cannot be fit well with BC03 stellar
population synthesis models (Bruzual & Charlot 2003). The ob-
served NIR and especially the MIR photometry shows excess
compared to that expected from good model fits to the optical
photometry. This most likely indicates that an additional source
at higher redshift contributes to the observed SED, whose light
would dominate at longer wavelengths. This scenario is sup-
ported by the HST imaging, which shows two close line-of-sight
compact sources. For this object we do not list redshift or AV in
Fig. 2, but mark it as unclassified.
5. Results
We found 33 bright spatially unresolved quasars within the C-
COSMOS sub-field brighter than J = 20 magnitude (corre-
sponding to 37 quasars per square degree, see Sect. 3.8). We as-
sume that our sample is a good representation of the full underly-
ing population of quasars, although small (see below), since the
bias should be negligible when using the multiple selection ap-
proaches, each of which target different aspects of quasar proper-
ties. In Fig. 3 a quantity diagram of the sub-populations of all the
confirmed quasars is shown sorted according to the techniques
through which they were selected and how they coincide. The
numbering in the figure follows the same notation as in Table 1.
Out of the total number of quasars in the parent sample
we found that seven optical point sources from the photomet-
ric catalog were selected by the specific optical/NIR HAQ cri-
teria, see Eq. 1. This yields a fraction of fHAQ = NHAQ/Ntotal =
0.21+0.09−0.05 (21%
+9
−5) using the small number statistics formulated in
Cameron (2011) with error bars corresponding to the 68% con-
fidence interval, see Fig 4. The fraction of all reddened quasars
in our sample, defined as having AV > 0.1, was found to be,
again with error bars corresponding to the 68% confidence in-
terval, fAV>0.1 = NAV>0.1/Ntotal = 0.39
+0.09
−0.08 (39%
+9
−8). Previously,
Glikman et al. (2007, 2012); Urrutia et al. (2009) have defined
red quasars as having E(B − V) > 0.1. We found that seven of
the quasars in our parent sample satisfy this criterion, so that the
fraction is again fE(B−V)>0.1 = 21%+9−5, which is consistent with
the findings of Glikman et al. (2007, 2012); Urrutia et al. (2009),
see Sect. 7. The SDSS/BOSS photometric selection found 23
quasars, 5 of which have AV > 0.1. This means that roughly
22% of the SDSS/BOSS photometrically selected quasars are
classified as reddened, while 40% are expected. Hence an in-
completeness of 45% in this particular optical quasar sample is
observed.
In Table 1 we show the redshifts, both spectroscopic and
photometric, along with the calculated reddening, AV , both as-
suming SMC-like extinction and the extinction curve found by
Zafar et al. (2015), and the corresponding reddening in terms of
E(B − V). The notes list the specific colors in which the individ-
ual objects do not meet the HAQ criteria.
The computed photometric redshifts generally agree well
with the spectroscopically determined redshifts, both for the ob-
jects with public spectra and for the quasars we observed. We
find a maximum difference of |zspec − zphot| = 0.18 (except for
the extreme case of Q 095921.3+024412.4, see below), whereas
for most objects the spectroscopic and photometric redshifts are
determined well within |zspec − zphot| < 0.1. All but one of the
seven HAQs show a pronounced amount of reddening ranging
from 0.15 < AV < 0.98. Following the parameterization from
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Fig. 3: Quantity diagram (a so-called Venn diagram) of the re-
spective sub-populations of the 33 confirmed quasars. The num-
bers in each of the symbols represents the objects with the same
numbering as in Table 1. The parent sample of quasars consists
of 7/33 ∼ 21% HAQs. Only quasars 2 and 11 have been selected
by one technique alone from KX selection or X-ray detection, re-
spectively. Of the 13 quasars with AV > 0.1, 6 were selected by
the HAQ criteria, 11 were identified by the KX selection, 12 with
X-ray detection, 6 had radio detections, 5 were from the photo-
metric selection of SDSS/BOSS, and 4 of the reddened quasars
were identified by the MIR selection.
Gordon et al. (2003), where (for SMC-like extinction)
RV ≡ AV/E(B − V), RV = 2.74, (4)
this corresponds to 0.05 < E(B − V) < 0.36. The HAQs red-
dened by dust are at redshifts in the range 1.00 < z < 2.66.
The only HAQ with no sign of dust extinction is the object
Q100050.1+022356.7 at z = 3.37. The distribution of redshifts
and AV of the HAQs from our parent sample agree well with
the findings of Krogager et al. (2015), see Fig. 3 of their pa-
per, for example. As mentioned, only four of the seven HAQs
have been identified by the SDSS-III/BOSS program, which
again is similar to the fraction found in the original HAQ sur-
vey, although from a much larger sample, where 409/901 ∼
45% of the HAQ candidates had been observed as part of the
SDSS (DR7) program before their study. In the spectrum of
object Q095938.3+020450.1 (quasar 10) we found an indica-
tion of a damped Lyα absorption feature blueward of the strong
Lyα emission line in the Lyα forest. The search for quasars red-
dened by intervening absorbers was the primary goal of the HAQ
survey, but this object evaded selection by being slightly too blue
(H − Ks = −0.02) for the HAQ criterion of H − Ks > 0. The
optical colors are otherwise within the HAQ selection criteria,
indicating the red nature (AV = 0.23) of this object.
In Fig. 5, panels (a) and (b), we show the photometric col-
ors of all the quasars from the parent sample in two optical/NIR
color-color diagrams and in panel (c) the g − r colors as a func-
tion of the reddening, AV , assuming SMC-like extinction. Again,
HAQs AV > 0.1 E(B−V) > 0.1
0.0
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Fig. 4: Fractions of the HAQ-selected quasars, the quasars with
AV > 0.1, and the quasars with E(B − V) > 0.1 compared to the
total. The error bars correspond to the 68% confidence interval.
the respective symbols represent the individual selection meth-
ods used to identify each quasar as shown in panel (a), upper
right corner. For comparison we show the photometry of main-
sequence stars and M-dwarf stars in panel (a), illustrated by the
yellow and red stars, respectively. In panel (b) the stellar track
is outside the plotting region and is therefore absent. The stel-
lar sources were obtained from the Hewett et al. (2006) catalog,
where the yellow stellar track in general represents the densest
region of the stellar locus. When we plot all the defined point
sources from the full photometric COSMOS catalog used in our
study, the main location in color-color space follows an equal
track. In panel (a) the gray dashed line represents the selection
line of the KX method formulated in Eq. 2. Panel (c) illustrates
that the HAQs indeed are a part of the most reddened quasars in
our sample. The quasars that were not selected by the HAQ cri-
teria but still show a pronounced amount of reddening are either
red in the gJKs or the J − Ks colors, suggesting that by refin-
ing the HAQ criteria, a larger and more complete sample of the
reddest quasars can be obtained.
For one of the quasars, Q095921.3+024412.4 (quasar 7), we
had to discard the spectroscopic redshift of z = 3.623 as deter-
mined by the BOSS program. This quasar is obscured and shows
high reddening (AV = 0.98) with only a few weak emission line
signatures apparent. The available notes at the SDSS DR12 web-
site report a poor χ2 fit for the redshift determination of this
quasar. For comparison, the photometric redshift from Salvato
et al. (2011) was computed as zphot = 0.030. The redshift we
suggest of z = 1.004, found when visually matching the spec-
trum to the composite quasar template, was also listed by Trump
et al. (2009), who determined a value of z = 1.0037 ± 0.0054.
6. Survey reliability
The success of a survey hinges critically upon obtaining the
optimal balance between efficiency and completeness. In other
words, being able to select a sample of candidates, which in-
cludes close to all of the objects of the targeted type, and close
to nothing else. Below we review the individual surveys used to
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Fig. 5: Panel (a) and (b): Optical/NIR color-color diagrams of the 33 confirmed quasars. The respective symbols represent the
individual selection method used to identify each quasar as defined by the legend. The yellow and red star symbols show the
photometry of main-sequence and M-dwarf stars from the Hewett et al. (2006) catalog, respectively. Panel (c): The reddening, AV ,
of the confirmed quasars as a function of their color in g − r. The HAQs contribute to about half of the population of reddened
quasars defined as having AV > 0.1 (black dashed line).
build our parent sample and discuss the completeness and relia-
bility of each of the approaches.
6.1. Efficiency
Our parent sample was produced by only considering the bright-
est and spatially unresolved population of quasars obtained from
six distinctive selection techniques. The conservative criteria we
used of star-like morphology and J ≤ 20 magnitude have intro-
duced some significant bias (by design) when considering the
general and complete AGN population. We required that the
quasars were optically unresolved to remove objects with con-
tributing host galaxy light and to be consistent with previous
photometric selection approaches. The J = 20 magnitude cut
ensured that our selection was complete down to the limiting
depths in magnitude for each of the individual surveys. When
comparing the different selection techniques, this cut allows the
selection of quasars based on relatively shallow surveys to still
be relevant.
To compare the SDSS/BOSS selected quasars from our par-
ent sample to the full SDSS-III/BOSS sample, we extracted all
the quasars from the DR12Q sample (Pâris et al. 2016, in prep.)
within the C-COSMOS field, see Fig. 6. Here we show the
full SDSS/BOSS DR12Q sample together with the confirmed
quasars from our study to directly compare the two samples. In
total, 42 quasars from the DR12Q sample have not been selected
from our criteria but all had a counterpart in the photometric cat-
alog. Of these, 25 quasars avoided selection by being too faint in
the J band. However, most of the objects in the DR12Q sample
have J ≤ 20.5 mag, indicating that the cut in brightness is close
to the limiting depth in magnitude up to which the SDSS/BOSS
survey is complete. Furthermore, we found that 18 of 42 quasars
in the DR12Q sample miss the selection because of extended
spatial morphology in the photometric catalog, where most of
these appear to be Seyfert galaxies in the SDSS database.
The survey that was suppressed the most by our requirement
of optically unresolved morphology was the approach of X-ray
selection. Without the point source criteria of the photometric
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Fig. 6: Full SDSS-III/BOSS DR12Q sample (black circles)
within the C-COSMOS field together with the confirmed quasars
from our parent sample (red dots). About 60% of the DR12Q
sample have not been selected by our criteria in morphology
and/or brightness, where approximately 60% vs. 40% was due
to J > 20 mag and optical resolved morphology, respectively.
catalog applied to the X-ray selected sample, we obtained 224
X-ray detected AGNs all brighter than J = 20 magnitude within
the C-COSMOS field. That is, only ∼ 14% of the X-ray selected
sample is recovered using our morphology criteria, meaning that
they have unresolved optical/NIR counterparts. Moreover, the
MIR color-selected sample relying on WISE colors only detects
18 quasars in total, where only 10 (55%) of these have been con-
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sidered in our study because of their unresolved morphology.
This agrees with the findings of Gabor et al. (2009); Griffith &
Stern (2010); Stern et al. (2012), who have examined the optical
morphologies of AGNs in the COSMOS field where ∼ 50% of
the brightest MIR color-selected population is extended or unre-
solved, respectively. The high density of the population of opti-
cally resolved X-ray selected AGNs is higher than has previously
been reported. Griffith & Stern (2010) found that 72% of the X-
ray selected sample is optically resolved, but only for the faintest
population based on XMM-Newton observations (well beyond
J = 20 mag). Some of the discrepancy for the brightest popula-
tion could be explained by the more sensitive Chandra satellite,
but the fraction of resolved X-ray AGNs is still incomparably
higher than expected. Since we only considered the brightest and
spatially unresolved population of quasars, the sub-population
of reddened and extremely obscured quasars can be even higher
when examining the entire population of optically unresolved
and extended X-ray and/or MIR selected quasars, see, for exam-
ple, Gavignaud et al. (2006); Fiore et al. (2008).
To show them in context to each other, we plotted the opti-
cally extended and point source X-ray detected quasars, respec-
tively, as a function of redshift in Fig. 7. To be consistent, only
the brightest population (J ≤ 20 mag) of quasars, again within
the C-COSMOS field, is shown. Below redshifts z . 1, the frac-
tion of AGNs with dominating light from the host galaxy caus-
ing observed extended optical morphology (at the resolution of
the CFHT+Subaru i band) is more dominant than the spatially
unresolved population. At higher redshifts we found that the op-
tically unresolved population of bright quasars is representative
of the full underlying population with only a few optically ex-
tended quasars rejected for our parent sample. Most of these ap-
pear compact in the HST images, but still show signs of elliptical
or spiral-like morphology.
For the SDSS/BOSS photometrically selected quasars the in-
voked limit in brightness for our parent sample was close to the
completeness limit for this particular survey. For some of the
deepest COSMOS surveys the limit down to which these are
complete is several magnitudes deeper. For example, 172 of the
X-ray selected quasars (when only considering the optically un-
resolved population) have magnitudes fainter than J ≥ 20 mag,
whereas only 33 of the radio selected and 11 of the mid-infrared
selected quasars are fainter than this magnitude limit. By apply-
ing the cut at NIR wavelengths, the selection becomes less biased
against quasars reddened by dust than in optical magnitude lim-
ited studies. We highlight that none of the defined selection tech-
niques detect all the quasars from our parent sample. The X-ray
selection technique found the most sources, where this particu-
lar approach of identifying quasars has been credited as being the
most reliable (Brandt & Hasinger 2005), with the only exception
being the quasar CQ095833.3+021720.4. A high absorption is
observed in this object, which could explain the non-detection.
The reason might also be that like Q100210.7+023026.2, this
quasar is located in a region of short exposure.
6.2. Degree of contamination
Even though the X-ray selection technique detects most of the
bright AGNs (regardless of optical morphology), great caution
has to be applied when building large X-ray selected quasar sam-
ples. When considering all the optical/NIR point source counter-
parts (brighter than J = 20 mag) of the Chandra X-ray sam-
ple, we found an additional 31 sources that were either photo-
metrically or spectroscopically classified as stars. That is, when
the brightest population of optically unresolved X-ray selected
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Fig. 7: Histogram of the redshift distribution of the brightest
(J < 20 mag) optically resolved and unresolved Chandra X-ray
detected quasars in the COSMOS field, respectively. At redshifts
below z . 1 the incompleteness of our parent sample due to mor-
phology is most severe, while at z > 1 the unresolved population
of quasars is representative of the full population.
quasars is observed blindly, ∼ 50% will show stellar contamina-
tion. According to the photometric study of the X-ray selected
COSMOS sample by Salvato et al. (2009, 2011), these could
be discarded before selection either by having existing spec-
tra classifying them as stars or by having seemingly stellar-like
colors in optical/NIR color-color space. In addition, two radio-
loud sources with an optically unresolved optical/NIR counter-
part brighter than J = 20 mag were also initially present in our
sample, but were removed in the same way. We chose to elim-
inate all objects located in the stellar locus to obtain a conser-
vative estimate of the population of reddened quasars. However,
since selection of quasars with apparent optical/NIR colors sim-
ilar to that of stars is only possible at short (e.g., X-ray) or long
(e.g., radio) wavelengths, these would not be detected by any
standard optical/NIR color selection techniques, and rejection of
them has to be considered carefully.
When we applied the KX selection line in gJKs color-color
space, that is, when we separated objects with and without
Ks-band excess, ten additional contaminating sources were ob-
tained. The contaminants with existing spectra consist of one
L dwarf, one white dwarf, one A0 star, and one carbon star.
The remaining KX candidates were eliminated after being pro-
cessed by the photo-z algorithm. The majority of these were clas-
sified as stars by the code, while only two were classified as
blue galaxies. The reduced χ2q from the best fit obtained with
the AGN templates in the photometric COSMOS catalog all
show relative poor fits as well. This was not the primary mo-
tivation for eliminating these sources, however, since the AGN
templates are in no way fully inclusive and therefore not reli-
able (Ilbert et al. 2013). The two objects CQ095938.6+203316.7
and CQ100008.9+021440.7 were discarded by this process. For
CQ095938.6+203316.7, we simply disregarded it before run-
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ning the candidates through the algorithm because of its ex-
tended morphology in the SDSS imaging. The other quasar,
CQ100008.9+021440.7, although selected by the general KX
color criteria, was classified as being a star by the photo-z code.
This object was spectroscopically confirmed as being a quasar,
but indeed with high absorption and very red (and star-like) op-
tical colors, especially in u−g. We chose to follow it up spectro-
scopically since it was identified by many other selection tech-
niques, see, for example, Table 1. Although higher contami-
nation is observed without applying this algorithm to the KX-
selected objects, the code makes the specific output sample less
complete.
Even though the HAQ survey is in no way complete, the pu-
rity of the sample without further considerations of template fit-
ting, for instance, is unparalleled by any of the other surveys. All
of the seven HAQ candidates selected from optical/NIR photom-
etry alone were confirmed as being quasars. In the other samples,
for example, the X-ray detected, the KX-selected, and the radio-
detected quasars, additional photometric χ2 fitting was executed
to effectively remove stellar contamination. Selecting quasars in
the COSMOS field also benefits from the previous extensive ob-
servations from numerous surveys, which had spectroscopically
classified the majority of the stellar contamination.
7. Discussion and conclusions
We used the available multiwavelength data of various COS-
MOS surveys to define a complete parent sample of bright and
spatially unresolved quasars that are representative of the full
underlying population. Specifically, the sample was produced
by using six distinctive techniques to identify quasars ranging
from X-ray to radio wavelengths. From this parent sample of
quasars, we determined the fraction of high AV quasars (HAQs),
a sub-population of quasars shown to be underrepresented in
optical surveys (Fynbo et al. 2013; Krogager et al. 2015). We
found that the total population of quasars in our sample consists
of fHAQ = 21%+9−5 HAQs. The general population of reddened
quasars with AV > 0.1 constitutes fAV>0.1 = 39%
+9
−8 of the parent
sample. The calculated fractions agree well with other similar
studies reported in the literature. We chose the HAQ criteria to
define the optical/NIR photometrically selected sample as one
representation and quasars with AV > 0.1 as another. We found
a value slightly above estimates from optically selected samples,
see, for instance, the study by Richards et al. (2003). Here they
determined that only ∼6% of a subsample of quasars selected
from the SDSS is reddened following a SMC-like extinction
curve, but also that ∼ 15% of reddened quasars will be missing
in the SDSS. In our sample, the SDSS/BOSS photometric selec-
tion functions detect 23 quasars, out of which 5 have AV > 0.1,
meaning that about 22% of the quasars in SDSS are reddened,
while 40% are expected, which translates into an incompleteness
of 46%. For the photometric sample of SDSS/BOSS, the com-
pleteness fraction is then 5/(23 × 0.4) = 54%.
Selections of reddened quasars detected in radio with FIRST
and matched to the NIR survey 2MASS have been executed as
well, developed as another approach of alleviating the known
bias against dust-reddened quasars in optically selected samples.
Glikman et al. (2004) estimated the missing population of red-
dened quasars in optical surveys to be in the range ∼ 3 − 20%.
Subsequently, Glikman et al. (2007); Urrutia et al. (2009) esti-
mated a higher fraction of >∼ 20% based on the spectroscopic
follow-up of their FIRST-2MASS-selected reddened quasars.
Glikman et al. (2012) found that reddened quasars make up
. 15% − 20% of the radio-emitting bright quasar population
HAQs AV > 0.1 E(B−V) > 0.1
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Fig. 8: Same as Fig. 4, but with comparisons to the fractions
of reddened quasars found by Richards et al. (2003) and Glik-
man et al. (2012). Richards et al. (2003) considered sources with
E(B − V) > 0.04 ∼ AV > 0.1 as reddened, while Glikman et al.
(2012) used the definition of E(B−V) > 0.1 to identify reddened
quasars.
from their sample, defined as quasars with E(B − V) > 0.1. For
comparison, we found that 21%+9−5 of the quasars from our par-
ent sample had E(B − V) > 0.1, assuming the extinction curve
of the SMC (see, e.g., Fig 8 for a graphical comparison). This is
of course still dependent on how the parent population is defined
and how deep the limiting brightness is (since fainter samples
will allow for a selection of even more reddened, i.e., optically
faint quasars). Richards et al. (2006) estimated an upper limit
of < 30% for the fraction of reddened quasars that are missed in
optical samples such as the SDSS, based on the u−g and g−r col-
ors of a MIR color-selected sample of quasars. They based this
on the conclusion that ∼ 70% of the MIR color-selected sam-
ple had blue optical colors consistent with what has previously
been reported in optical UVX surveys (having u − g < 0.6 and
g−r < 0.6, respectively). This contradicts our findings in Sect. 5,
however. In Fig. 5 we showed that only about half of the reddest
population of quasars, with AV > 0.1, have red optical colors of
g − r > 0.5 (and only three of these quasars have g − r > 0.6),
indicating that the 30% upper limit in the density of reddened
quasars is not reliable.
Based on our results, we conclude that the HAQ selec-
tion is reliable in detecting reddened quasars. Seven out of
the 13 reddened quasars are not selected, but these are all
except for one quasars with too little reddening to pass the
g − r color cut, see Fig. 9. One apparently reddened quasar,
CQ095938.6+023316.7, looks blue in the optical spectrum, but
the NIR photometry has substantial excess over that expected
from an unreddened quasar template. This could be explained
by a significant contribution of light from the host galaxy to the
NIR photometry. This is consistent with the morphology of the
object in the HST image, which has significant extended fuzz
around the point spread function of the quasar. The KX, X-ray,
and MIR selections are more complete, but not as tailored to se-
lect exclusively reddened quasars.
At redshifts below z . 1, spatially resolved quasars are dom-
inant, meaning that our parent sample of quasars in this redshift
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Fig. 9: Optical/NIR color-color diagram of the 33 quasars from
the parent sample, color-coded as a function of their reddening,
AV (see the top legend). The HAQ g − r color cut is shown by
the dashed line. This conservative cut yields a reliable sample
of reddened quasars only, while more relaxed color criteria are
needed to obtain a more complete sample of reddened quasars,
see also Fig. 5 (middle and right panel).
range is not representative of the total population of AGNs. At
higher redshifts, however, we found that the population of spa-
tially unresolved sources is representative of the full underly-
ing population of quasars. The HAQ and in general the red-
dened sub-population of quasars thus make up a considerable
fraction of the brightest optically unresolved sources. Studies
of the nature and evolution of quasars (and in general SMBHs)
through cosmic time must include this in their considerations to
remove the otherwise distorted perspective originating from op-
tical quasar surveys.
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Fig. 10: Here we present all of the images (at the top), spectra (black solid line), and the photometric data points (purple dots in
the u, g, r, i, z,Y, J,H,Ks filters) for each of the confirmed quasars. Overplotted is the composite quasar template with and without
reddening (red and blue lines, respectively). The redshift and amount of reddening are shown in the upper left corner, while the
object name and technique used to select this particular object are listed in the upper right corner. Below each object we show the
SDSS/BOSS selection flags.
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15: SERENDIP_BLUE, QSO_SKIRT
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20: QSO_NN, QSO_KDE, QSO_CORE_MAIN,
QSO_BONUS_MAIN, CHANDRAv1
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32: XMMBRIGHT
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